The intramolecular vibrational energy redistribution ͑IVR͒ of the OH stretching vibration of jet-cooled phenol-h 6 (C 6 H 5 OH) and phenol-d 5 (C 6 D 5 OH) in the electronic ground state has been investigated by picosecond time-resolved IR-UV pump-probe spectroscopy. The OH stretching vibration of phenol was excited with a picosecond IR laser pulse, and the subsequent temporal evolutions of the initially excited level and the redistributed ones due to the IVR were observed by multiphoton ionization detection with a picosecond UV pulse. The IVR lifetime for the OH stretch vibration of phenol-h 6 was determined to be 14 ps, while that of the OH stretch for phenol-d 5 was found to be 80 ps. This remarkable change of the IVR rate constant upon the dueteration of the CH groups strongly suggests that the ''doorway states'' for the IVR from the OH level would be the vibrational states involving the CH stretching modes. We also investigated the IVR rate of the CH stretching vibration for phenol-h 6 . It was found that the IVR lifetime of the CH stretch is less than 5 ps. The fast IVR is described by the strong anharmonic resonance of the CH stretch with many other combinations or overtone bands.
I. INTRODUCTION
The vibrational relaxation of the OH and CH stretching vibrations in the condensed phase has been extensively studied experimentally and theoretically. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] For the OH stretching vibration, the importance of its dynamics is owing to the fact that most of the chemical reactions in protic solvent, such as water or alcohols, occur through the hydrogen ͑H͒ bonds among the OH groups and that absorption bands of the H-bonded OH stretching vibrations exhibit a characteristic spectral feature such as substantial frequency reduction and broadening, 15 which is quite different from the feature of other vibrations. The broadening involves the dephasing, the population decay, and the inhomogeneous broadening under different environments, which are often difficult to be discriminated from each other. In the condensed phase, the relaxations of the OH and CH stretching vibration have been studied by many workers for a long time. Particularly, it is known that the CH stretch vibrations of aliphatic alcohol exhibit a very fast population decay-i.e., a short T 1 relaxation lifetime. [9] [10] [11] The fast decay is interpreted by the strong coupling with the overtone band of the CH bending.
One of the key issues on the vibrational relaxation of such a high-frequency vibration is to find the state͑s͒ to which the pumped level is strongly coupled. We call such a strongly coupled state a ''doorway state'' of the IVR. 16 -19 As described above, in aliphatic alcohols the CH stretch is coupled strongly with overtones of the CH bending, and a similar circumstance may be seen in aromatic molecules. In this respect, it will be interesting to find the doorway state͑s͒ for the IVR from the OH stretching vibration. In spite of its fundamental importance, the investigation is very difficult in the condensed phase because of the fact that the OH group is a quite sensitive functional group under the influence of solvents. 20, 21 Phenol is the simplest aromatic molecule having the OH group, and the electronic and vibrational states of the H-bonded clusters with solvent molecules have been extensively studied in a supersonic jet. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Recently, we have reported a picosecond IR-UV pump-probe spectroscopic study of the intramolecular and intracluster IVR of the OH stretching vibration of bare phenol and its dimer in their S 0 state. 34 We observed the population decay of the initially pumped level prepared by a picosecond IR light, as well as the generation of the redistributed levels. We found that the IVR lifetime of the OH stretch is 14 ps for bare phenol. In the dimer, the IVR lifetime of the H-donor OH stretch was substantially reduced, while that of the acceptor OH was almost unchanged. Though we have found a substantial change in the IVR lifetime of the OH stretch vibration, we have not yet made it clear how the high-frequency OH stretch energy is redistributed to the low-frequency bath modes or whether there exist some specific doorway states for the IVR of the OH stretch vibration.
In this paper, we present a more detailed study of the IVR of the OH stretch of bare phenol by examining its isotope effect, in which we compared the lifetime of the OH stretch of phenol with that of phenol-d 5 (C 6 D 5 OH). The purpose of this study is to examine whether the CH stretch-ing vibrations are involved in the doorway states that are thought to be coupled strongly to the OH stretching vibration. The possibility that the CH stretch vibrations act as effective bath modes of the OH stretch was recently suggested by Ishinchi et al. 35, 36 in their study of the bandwidth measurement of the IR absorption spectrum, though there remains some ambiguity on the rotational contour analysis unless the individual lines are fully resolved. 37, 38 An alternative method is to measure the IVR lifetime directly by picosecond IR-UV pump-probe spectroscopy, where we observe the time evolutions of the population of the IR-pumped OH level as well as those of the redistributed levels after the IVR. If the levels involving the CH stretches play the role of the doorway states, we will observe a large difference in the IVR lifetime of the OH stretch vibration by the deuterium substitution of the CH groups.
We also studied the IVR of the CH stretch vibrations of phenol. As was described above, the aliphatic CH stretch of alcohol exhibits fast T 1 relaxation in solution, which is explained by the strong ''CH-stretch-CH-bend'' coupling. [9] [10] [11] We investigate whether such a strong coupling also exists in the aromatic CH stretch under the collision-free condition in a supersonic jet. All the results presented in this work will provide us with a clear picture of the IVR mechanism of the high-frequency OH and CH stretching vibrations of phenol.
II. EXPERIMENT
A detailed description of the experimental setup of picosecond IR-UV pump-probe spectroscopy was given in our previous paper. 34 Briefly, a fundamental output ͑1.064 m͒ of a mode-locked picosecond Nd 3ϩ :YAG laser ͑Ekspra PL2143B͒ was split into two parts. The major one was frequency tripled and was introduced into an OPG/OPA system ͑Ekspra PG401SH͒ for a tunable UV light generation. Typical bandwidth and output power of the UV light was 10 cm Ϫ1 and 50-100 J, respectively. The minor part of the 1.064 m output was introduced into a pair of LiNbO 3 crystals to generate tunable IR light pulses. The two crystals were separated by 1 m and were placed on rotational stages. Due to a severe phase matching condition between two angles, a bandwidth of IR light was achieved as narrow as 15 cm Ϫ1 and its typical output power was 50-100 J. CaF 2 , ZnSe, and Ge plates were used so that only the signal light at ϳ3 m was introduced into a vacuum chamber as a pump pulse. As was described in the previous paper, the temporal shape of the pump or probe laser pulse was determined by fitting the time profile of the IR-UV pump-probe signal of the CH stretching vibration ͑mode 20͒ of benzene: because of that, the CH stretch of benzene does not exhibit an IVR and a sharp 6 0 1 20 1 1 vibronic transition was observed. 33 The time profile of the 6 0 1 20 1 1 band intensity was well fitted by assuming a Gaussian shape for both the two pulses having a pulse width of 14 ps.
Jet-cooled phenol-h 6 ͑or phenol-d 5 ) was generated by a supersonic expansion of phenol ͑or phenol-d 5 ) vapor seeded in He carrier gas ͑typically 3 atm͒ into vacuum through a pulsed nozzle ͑General valve͒ having a 0.8 mm aperture. The free jet was skimmed by a skimmer having a 0.8 mm diameter ͑Beam dynamics͒ located at 30 mm downstream of the nozzle. Phenol was heated up to 310 K to obtain a sufficient vapor pressure.
The IR and UV lasers were introduced into a vacuum chamber in a counterpropagated manner and crossed the supersonic beam at 50 mm downstream of the skimmer. The vibrationally excited molecules in the supersonic beam were ionized by 1ϩ1 resonance-enhanced multiphoton ionization ͑REMPI͒ via the S 1 state, and the ions were repelled to the direction perpendicular to the plane of the molecular and laser beams. The ions were then mass analyzed by a 50 cm time-of-flight tube and were detected by an electron multiplier ͑Murata Ceratron͒. The transient profiles of the pumpprobe ion signals were observed by changing a delay time between UV and IR pulses with a computer-controlled optical delay line. The ion signals were integrated by a boxcar integrator ͑Par model 4420/4400͒ connected with a microcomputer.
We also measured the ionization-detected IR spectrum ͑IDIRS͒ of phenol by using a nanosecond laser system. The setup was described previously in our papers. 24 -29 Briefly, the frequency of the UV laser was fixed to the origin band of the S 1 -S 0 transition of phenol, and the ground-state population of phenol was monitored by (1ϩ1) REMPI with the UV light. Under this condition, a tunable IR light was introduced at ϳ50 ns prior to the UV pulse. When the IR frequency was resonant to the vibrational transition, the groundstate population was depleted due to the vibrational excitation, leading to a depletion of the ion intensity. Thus the IR spectrum was obtained as an ion-dip spectrum by scanning the IR frequency while monitoring the phenol ion intensity. The spectral resolution of the IR light was 0.1 cm
Ϫ1
. Phenol-h 6 ͑99.0%͒ was purchased from Wako Chemicals Industry Ltd. and was purified by vacuum sublimation before use. Phenol-d 5 was prepared by adding a few drops of water to phenol-d 6 ͑98-atom %D͒ purchased from SigmaAldrich Fine Chemicals.
III. RESULTS
A. IR spectra of phenol-h 6 and phenol-d 5 Figure 1͑a͒ shows the IR spectra of phenol-h 6 in the 2900-3700 cm Ϫ1 region. Two types of spectra are shown, which are obtained by different methods. The upper trace of Fig. 1͑a͒ shows the ionization detected IR ͑IDIR͒ spectrum observed by the nanosecond laser system. The lower trace of Fig. 1͑a͒ is the ion-gain IR spectrum observed by the picosecond laser system. Figure 1͑b͒ shows the picosecond IR spectrum of phenol-d 5 in the OH stretch region. An excitation scheme of the ion-gain measurement is shown in the inset of Fig. 1 . In the picosecond ion-gain spectrum, the UV laser frequency ( UV ) was fixed at 35 650 cm Ϫ1 , which refers to the electronic transition (vЈ -vЉ transition͒ from the vibrational levels (vЉ) generated by the IVR following vibrational excitation, and the UV pulse was introduced at a delay time (⌬t) of 40 ps after the IR pulse excitation.
The spectral feature of the picosecond ion-gain IR spectra corresponds very well to the nanosecond IDIR spectrum ͑upper͒ except for the spectral resolution between them. In the phenol-h 6 spectra, the band at 3657 cm Ϫ1 is the OH stretching vibration and many bands appearing in the 3000-3140 cm Ϫ1 region are associated with the CH stretching vibrations. The inset of Fig. 1͑a͒ shows an enlarged portion of the CH stretching region. At least 20 bands are identified in this region, which are as many as 4 times the number of CH oscillators of phenol. The observed bands are listed in Table  I together with the values reported by Bist and co-workers. 39 Though they reported five bands in this region, the number of bands found in this work is much larger than that reported by them. It is not straightforward to make a definitive assignment for each band. Such a congested feature is thought to be due to the strong anharmonic resonance between the inherent CH stretch vibrations and isoenergetic levels associated with overtones and/or combinations. As seen later, the strong anharmonic resonance causes the fast IVR of the CH stretching vibrations.
In the picosecond ionization gain IR spectrum of the OH stretching vibration of phenol-d 5 shown in Fig. 1͑b͒ , the delay time (⌬t) between the IR and UV light pulses was fixed to 350 ps, and the UV frequency ( UV ϭ35 970 cm Ϫ1 ) was tuned to the electronic vЈ -vЉ transition from the redistributed vibrational levels. The precise frequency of the OH stretching vibration of phenol-d 5 was obtained to be 3657 cm Ϫ1 by IDIR spectroscopy with the nanosecond laser system. Thus the OH stretching vibrational frequency of phenold 5 is the same as that of phenol-h 6 , and in the next section, we investigate the IVR dynamics. Figure 2 shows the transient (1ϩ1) REMPI spectra of phenol-h 6 measured at several delay times after exciting the OH stretching vibration at 3657 cm Ϫ1 . All the UV spectra are shown in the manner that the REMPI spectrum measured without introducing the IR laser pulse is subtracted. At short delay times, several sharp bands are seen in the lowerfrequency region of the spectra and they rapidly diminish with delay time. Those bands are assigned to the ''hot'' transitions from the IR-pumped OH stretch level, such as the OH 1 0 band ͑32 690 cm Ϫ1 ͒ and other vibronic bands. On the other hand, a very broad band appearing in the region higher than 34 000 cm Ϫ1 are assigned to the vЈ -vЉ transitions from the vibrational levels (vЉ) generated by the IVR from the OH stretch level. Though the broad continuum is already seen even at a very short delay time, its intensity monotonically increases without showing any change in the spectral pattern. In addition, the time constant of the intensity rise shows a good correlation with the decay of the sharp bands. Figure 3 shows the time profiles of the band intensities versus the delay time after the IR excitation of the OH stretching vibration obtained by monitoring the UV wave numbers given in the figure. The sharp band ͑a͒ at UV ϭOH 1 0 diminishes within 50 ps, while the intensity of the broad band increases to make a plateau after 50 ps. By con- voluting the time profiles with the laser pulse width of 14 ps, the decay profile of the OH 1 0 band can be fitted by a singleexponential decay curve
B. IVR of the OH stretching vibration of phenol-h 6
with the lifetime IVR ϭ14 ps, corresponding to the rate constant of k IVR ϭ7.1ϫ10 10 s Ϫ1 . The convoluted curved is shown as a solid curve in Fig. 3͑a͒ . The profiles of the broad band can be also fitted by an exponential rising curve
with the same time constant IVR ϭ14 ps. The convoluted time profiles obtained with the excitation at various probe wavelengths are also shown in Figs. 3͑b͒-3͑d͒ with solid curves. Although the IVR lifetime was accidentally the same with the laser pulse width, the agreement between the two convoluted curves above indicates the obtained lifetime to be unambiguous. It should be noted that the time profiles of the broad band were independent of the monitoring UV wavelength, which will be discussed later. Thus the IVR lifetime of the OH stretch in bare phenol-h 6 is determined to be 14 ps.
C. IVR of the CH stretching vibration of phenol-h 6
As shown in Fig. 1͑a͒ , the IR spectrum of the CH stretching vibrations of phenol-h 6 exhibits a complicated feature consisting of many bands caused by the strong anharmonic resonance. Among these bands appearing, we examined the IVR of a band centered at 3056 cm Ϫ1 because of its intensity. As seen in the IDIR spectrum ͓the upper spectrum of Fig. 1͑a͔͒ , three peaks are clearly identified: an intense peak at 3056 cm Ϫ1 and two satellite peaks at 3047 and 3063 cm Ϫ1 , which cannot be resolved in the lower spectrum of Fig. 1͑a͒ . Thus these bands are thought to be simultaneously excited when the frequency of the picosecond IR pulse is tuned to 3056 cm Ϫ1 . We first measured the transient UV spectrum after the IR pump of the CH stretch vibration. The observed transient UV spectra were much weaker than the case of the OH stretch because of the weaker IR absorption intensity of the CH vibration than that of the OH stretch vibration. Nevertheless, ͒. The solid curves were convoluted ones by setting ͑a͒ decay ϭ14 ps and ͑b͒, ͑c͒, ͑d͒ rise ϭ14 ps. The undulation of the plateaus is due to the instability of the laser system.
we could see that the observed spectrum exhibits a very similar feature to the case of the OH stretching excitationthat is, a fast decay of the CH 1 0 transition-and the corresponding rapid rise of the broad continuum at the higher-UVfrequency region. Figure 4 shows the time profiles of the pump-probe signal intensity versus the delay time after the IR excitation of the CH band at 3056 cm band, the intensity of the broad band from the redistributed levels shows a faster rise than the case of the OH excitation. By convoluting the time profiles of the CH 1 0 band and the redistributed levels with the 14 ps pump-probe laser pulse width, we estimated that the IVR lifetime of the CH stretch vibration is less than 5 ps, which is the shortest lifetime determined accurately with our laser system. Thus we conclude that the IVR of the CH stretching vibration at 3056 cm Ϫ1 occurs over 3 times faster than that of the OH stretching vibration, in spite of the fact that the frequency of the former vibration is about 600 cm Ϫ1 lower than the latter.
D. IVR of the OH stretching vibration of phenol-d 5
As was described in the Introduction, the IVR measurement of phenol-d 5 having no CH oscillators is effective for the evaluation of the contribution of the CH stretch vibrations as the bath mode for the IVR of the OH stretch. Figure  5͑a͒ shows the transient (1ϩ1) REMPI spectra observed at several delay times after the OH band excitation of phenold 5 . Similarly to phenol-h 6 ͑Fig. 2͒, several sharp vibronic bands due to resonance transitions from the OH stretching level are clearly seen in the lower-frequency region at short delay times. Interestingly, their decay is substantially slower than those of phenol-h 6 ; the OH 1 0 band, for example, is clearly seen even at a delay time of 130 ps.
We then observed the time evolutions of the transient (1ϩ1) REMPI signal intensity as a function of the delay time by fixing the UV laser frequency to several bands in the UV spectrum. Figures 5͑b͒ and 5͑c͒ show the time profiles of the sharp OH 1 0 band at 32 870 cm Ϫ1 and the broad band at 35 700 cm Ϫ1 , respectively. As seen in Fig. 5͑b͒ , the OH 1 0 band decays exponentially with the lifetime IVR ϭ80 ps. Accordingly, in Fig. 5͑c͒ , the time profile of the broad band intensity exhibits a rise with the same time constant ͑80 ps͒. Therefore, the IVR lifetime of the OH stretching vibration of bare phenol-d 5 is determined to be 80 ps (k IVR ϭ1.3 ϫ10 10 s Ϫ1 ), which is 5.7 times slower than that of phenolh 6 ͑14 ps͒. Thus we found that the deuteration of the CH groups dramatically decelerates the IVR rate of the OH stretching vibration. It should be also noted that the time profiles of the rise of the broad bands were the same at different monitoring UV frequencies, similar to the case of phenol-h 6 . 
IV. DISCUSSION

A. ''Doorway states'' and IVR mechanism of the OH stretching vibration of phenol
The substantial isotopic effect on the IVR rate constant of the OH stretch vibration of phenol-d 5 and phenol-h 6 strongly indicates that the anharmonic couplings between the OH stretch and isoenergetic vibrational levels are quite different in these two isotopomers. We first assume that the IVR rate (k IVR ) is expressed by the Fermi's golden rule equation
where V anh is the averaged anharmonic coupling matrix element between the OH stretch level and bath modes, and ( OH ) is the state density of the bath modes at the energy of the OH stretching vibration. We calculated the state density at 3657 cm Ϫ1 for phenol-h 6 and -d 5 by the direct counting method under a harmonic oscillator approximation with fundamental frequencies of the vibrations taken from the experimental data 39 reported by Bist et al., which are listed in Table II . As mentioned above, however, because of the congested CH stretch bands in the IR spectrum, it was difficult to find a reliable assignment of their vibrational modes for the state density calculation. In order to solve this problem, we calculated vibrational frequencies for the optimized geometry of phenol and compared them with those given by Bist et al. A density functional theory ͑DFT͒ calculation using the GAUSSIAN 98 suite of programs 41 with the B3LYP/ccpVTZ level was employed and the calculated frequencies are also listed in Table II . As seen in the table, the agreement between the reported and calculated frequencies is acceptable for the state density calculation. By using these assigned frequencies, we calculated the state densities for both isotopomers and obtained the densities of states having aЈ species with C s molecular symmetry at 3657 cm Ϫ1 to be 110 and 350 states/cm Ϫ1 for phenol-h 6 and phenol-d 5 , respectively.
If we assume that the uniform anharmonic coupling matrix elements with all the bath modes 42 -that is, V anh in Eq. ͑3͒-are the same between two isotopomers, the IVR rate of phenol-d 5 would be about 3 times larger than phenol-h 6 , from the difference in the state density. The observed results are opposite to such an expectation, and it is concluded that the anharmonic coupling between the OH stretch and bath modes is much stronger in phenol-h 6 than in phenol-d 5 .
How do we explain the large difference of the anharmonic coupling for two molecules? First, it is unlikely that the anharmonic couplings between the OH stretch and all bath modes are uniformly decreased by changing CH to CD. So it is more reasonable to consider that only a limited number of levels in the bath modes are strongly coupled to the OH stretch level, which are largely affected by the deuterium substitution of the CH group. On the basis of the above result, we have examined a hierarchical model of the bath modes for the IVR mechanism of the OH stretching vibration, as shown in Fig. 6 . The OH stretching vibration is preferentially coupled to the ''bath 1,'' which we call ''doorway states,'' with the low-order coupling. This coupling is symbolically represented by V 1 anh , and k 1 means the IVR rate constant from the OH stretch level to the ''doorway states.'' The ''doorway states'' are further coupled to another vibrational levels of high density-i.e., ''bath 2.'' This coupling V 2 anh results in k 2 for IVR from ''bath 1'' to ''bath 2.'' In this model, the time evolutions of each state population are expressed as
͑5͒
and I bath 2 ͑ t ͒ϭI 0ͫ 1Ϫexp͑Ϫk 1 
͑6͒
In this model, the rate constant (k IVR ) obtained from the decay of the OH 1 0 band corresponds to k 1 in Fig. 6͑a͒ . Similarly, the observed rise curve of the broad band will be a superposition of I bath 1 (t) and I bath t2 (t) according to the Franck-Condon factor of the vЈ -vЉ transitions from these states. As mentioned above, however, the observed rise curves of the broad band derived from redistributed levels was well fitted by Eq. ͑2͒, and the obtained rate constant was the same as k 1 , being irrespective of the monitoring UV wavelength for both phenol-h 6 and -d 5 . If k 2 is comparable to or smaller than k 1 , the time constant of the rise of the broad band will be much smaller than the decay rate of the OH 1 0 band, and the rise curves will depend on the monitoring UV wavelength owing to a variation of the ratio between the vЈ -vЉ transition intensities from ''bath 1'' and ''bath 2.'' Thus this result means that k 2 is much larger than k 1 in both isotopomer cases. Actually, when k 1 Ӷk 2 , Eq. ͑6͒ becomes
which is equal to Eq. ͑2͒. The condition k 1 Ӷk 2 is also confirmed by the fact that we did not see any change of spectral pattern in the broad continuum as mentioned previously. As seen in Eq. ͑5͒, when k 1 Ӷk 2 , the intensity of I bath 1 becomes very small so that the transition from bath 1 will be buried by the continuum transition from bath 2. Therefore, we conclude k 2 is much larger than k 1 and the ''OH stretch →doorway sate'' energy flow is the rate-determining step in the whole IVR process of the OH stretching vibration in both isotopomers. Next, we will discuss which vibrational mode͑s͒ is forming the ''bath 1''-that is, doorway sate. We can safely assume that V 1 anh involves a low order of the anharmonic coupling, and it is thought that the doorway states consist of rather high-frequency modes such as the CH͑CD͒ stretching vibration. The assumption that ''bath 1'' consists of CH͑CD͒ stretches can explain reasonably the isotopic effect on the FIG. 6 . Coupling scheme between the OH stretch level and ''bath 1 and bath 2'' of ͑a͒ phenol-h 6 and ͑b͒ phenol-d 5 .
Here V 1 anh and V 2 anh are the anharmonic coupling matrix elements between the OH stretch and bath 1, and bath 1 and bath 2, respectively. k 1 and k 2 are the IVR rate constants from the OH stretch to bath 1, and from bath 1 to bath 2, respectively.
IVR rate of the OH stretch. There is a large difference in energy between the ''OH-CH stretches'' ͑550-650 cm Ϫ1 ͒ and the ''OH-CD stretches'' ͑1350-1450 cm Ϫ1 ͒. So the latter may require a larger quantum number of a vibration for energy conservation than the former. Thus, by considering the propensity rule 43 that the anharmonic coupling between states with smaller quantum number change should be larger, we can conclude that V 1 anh of phenol-h 6 is larger than that of phenol-d 5 . This large change of the rate-determining step of the IVR from the OH stretch level results in a smaller IVR rate constant of the OH stretch of phenol-d 5 than that of phenol-h 6 , as was observed experimentally.
Further evidence for the doorway state can be obtained by investigating IVR of phenol-d 1 -that is, phenol-OD. However, the measurement of phenol-d 1 is unsuccessful at present because of the insufficient IR laser power in the OD stretching region, and we are now making further efforts.
B. Fast IVR of the CH stretching vibrations and the effect of anharmonic resonance
Though the CH stretching frequency is about 600 cm
Ϫ1
smaller than that of the OH stretching vibration, we have found that the IVR rate of the CH stretching vibration is 3 times faster than that of the OH stretching vibration. This faster IVR process of the CH stretching vibration can be explained by quantum interference due to coherent excitation of several states in the CH stretching vibrational region. As described above, more than 20 bands appear in this region of phenol, owing to the strong anharmonic resonance with the overtone and/or combination bands. Thus the picosecond IR laser pulse tuned at 3056 cm Ϫ1 coherently excites more than three levels, which may exhibit fast quantum interference. Furthermore, these levels are further coupled to the dense bath mode similar to the case of the OH stretching vibration, so that the population of these coherently excited sates may rapidly decay into the dense bath mode. The reason why we could not observe a quantum beat is due to the fact that the laser pulse used in the present work was not short enough to resolve it or the decay rate toward the dense manifold is faster than the recurrence time scale.
To confirm the possibility mentioned above, we simulated the time evolution of the multilevel system involving the CH stretch level, after their coherent excitations. The coupling scheme is shown in the inset of Fig. 7 . Here we consider the zero-order CH level and two levels (Nϭ3) or four levels (Nϭ5), which are coupled via the interaction FIG. 7 . ͑a͒-͑c͒ Calculated time profile of the CH levels after coherent excitation of the three-level system (Nϭ3, dotted curve͒ and five-level system (N ϭ5, solid curves͒. Also shown is the decay curve with Nϭ1. In the inset is shown the coupling scheme, where ⌬ is the interval between the each level and ␥ Ϫ1 is the lifetime due to the IVR toward dense bath modes. ͑d͒ Comparison between the observed time profile of the CH 1 0 band ͑solid circles͒ and the convoluted curve by assuming Nϭ5 and ␥ Ϫ1 ϭ20 ps ͑solid curve͒ with a laser pulse width of 14 ps. Also shown is the convoluted decay curve by assuming Nϭ1 and ␥ Ϫ1 ϭ5 ps ͑dashed curve͒.
matrix element V anh , so that all levels become optically allowed. We assumed that the levels are equally spaced with an interval of ⌬ϭ0.5 cm Ϫ1 and that the equal coefficient of the CH stretch level is distributed in all levels. In addition, each level has an intrinsic width ͑␥͒ due to further IVR toward the dense bath modes. The calculation was carried for three ␥ values-that is, ␥ϭ1.1, 0.27, and 0.053 cm
, which correspond to the lifetime of 5, 20, and 100 ps, respectively. As seen in the figure, the CH component decays faster than ␥ Ϫ1 ͑decay curve with Nϭ1) due to the interference effect, and the decay becomes faster with an increase of N. Furthermore, it is seen that the simulation with a small value of ␥-that is, ␥ϭ0.053 cm Ϫ1 -does not reproduce the observed fast decay. Thus the intrinsic lifetime must be short for the fast IVR of the CH level to be reproduced. Figure 7͑d͒ shows a comparison of the observed decay with the calculated one for the five-level system and ␥ Ϫ1 ϭ20 ps, where good agreement is obtained. Thus the intrinsic ͑IVR͒ lifetime of each level is roughly estimated to be less than 20 ps.
The fast IVR rate constant of the aromatic CH stretching vibration shows a similarity with the well-known short T 1 relaxation lifetime of the CH stretching vibration observed for aliphatic alcohols in the condensed phase, which is interpreted by the strong coupling with the overtone band of the CH bending vibration. 11, 12 The frequencies of the aliphatic CH stretches are 2800-2900 cm Ϫ1 and those of the CH bends are 1400-1500 cm Ϫ1 . Thus a strong anharmonic resonance between the CH stretches and the first overtone of the CH bends is expected, and this coupling has been thought to be the origin of the fast T 1 relaxation of the CH stretching vibrations. In the case of the aromatic CH stretch, however, the situation may not be similar. As seen in Table II , the aromatic CH stretching frequencies are 3000-3100 cm
and those of CH bend are 1000-1200 cm
, so that there is a large energy mismatch between the CH stretch and first overtone of the CH bend. Thus the candidates of the anharmonic resonance observed in the CH stretch vibrations seem to be not the first overtone of the CH bends, but other combination bands.
In order to examine which combination bands exist in the CH stretching vibration region, we have listed the overtone and combination bands restricted to two vibrational quanta by using the reported frequencies listed in Table II . Only four combination bands were found in the 3000-3150 cm Ϫ1 region-that is, mode 19bϩ8a (ϭ3075 cm Ϫ1 ), 19b ϩ8b (ϭ3082 cm Ϫ1 ), 19aϩ8a (ϭ3104 cm Ϫ1 ), and 19a ϩ8b (ϭ3111 cm Ϫ1 ). Surprisingly, all of these modes were the CC stretching vibration, but no levels involving the CH bending mode were listed in the two-quantum case. In expanding the limit of the quantum number restriction up to 3, we obtained more than 100 candidates, where half of them involved the CH bending mode. However, we cannot accurately determine which combination bands are strongly coupled to the CH stretching vibration because of a large number of candidates and the uncertainty of anharmonicity.
Such a strong anharmonic resonance of the CH stretch vibrations is also seen in other aromatic molecules, such as benzene, 44, 45 toluene, 45 aniline, 46 and so on. In the IR spectra of toluene and aniline, more than 11 bands appeared in the CH stretch region. In benzene, mode 20 forms a Fermi tetrad in the 3000-3100 cm Ϫ1 region with the combination bands involving modes 1, 3, 6, 8, 15, and 19 , where most of them are not the CH bending vibrations. 44 Thus we may conclude that the CH stretching vibrations are not necessarily coupled with CH bending, but are strongly coupled with the CC stretching vibrations in the case of the phenol molecule too. Then, we can predict that the strong anharmonic resonance is the common feature for the CH stretching vibration of aromatic molecules, which will cause the very fast vibrational relaxation of the CH stretching vibration even under isolated condition.
V. CONCLUSIONS
In this article, the IVR mechanism of the OH and CH stretching vibration of phenol in the S 0 state has been examined by picosecond time-resolved IR-UV pump-probe spectroscopy. The IVR lifetimes of the OH ͑14 ps for phenol-h 6 and 80 ps for phenol-d 5 ) and the CH ͑р 5 ps͒ stretching vibrations have been directly obtained. The very fast IVR rate of the CH stretching vibrations is described by a strong anharmonic resonance with the other modes. For the IVR of the OH stretch, we found a remarkable isotope effect: that is, the IVR rate of phenol-h 6 is 5.7 times faster than that of phenol-d 5 . The result represents strong evidence that the IVR of the OH stretching vibration occurs through the doorway states composed of the CH stretching vibrations. The present results suggest that the CH stretching vibrations will play also important role in the IVR of the OH stretch in other aromatic systems.
Further evidence of the role of the doorway state for the CH stretching vibration can be obtained by the examining the OD stretching vibration, such as phenol-d 1 (C 6 H 5 OD) and phenol-d 6 (C 6 D 5 OD), which is the future study.
